. These conditions tion of sporulation and activation of Spo0A, we isolated and characterized suppressor mutations that allow a dnaA mutant to sporulate. The mutant allele, dnaA1, tion, yqeF and yqeG ( Figure 1A ). This first led us to immediately upstream of yqeG ( Figure 1B ). To further define the locus targeted by the sda mutations, we tested the ability of fragments spanning the left and right halves of the 559 bp region to complement tion and growth (Moriya et al., 1990 The P spac-hy -sda fusion was integrated into the B. subtilis chromosome at a heterologous site in an otherwise wild-EMS and from ‫01ف‬ 5 colonies screened, we identified five independent mutants that were sporulation proficient type (dnaA ϩ ) strain. Sporulation was potently inhibited when cells carrying P spac-hy -sda were grown in the pres-(Spo ϩ ) and still temperature sensitive for growth. DNA transformation and mapping experiments indicated that ence of IPTG, whereas cells carrying P spac-hy without an insert sporulated at wild-type frequencies (Table 2) . In each mutant contained a single mutation, unlinked to dnaA, that suppressed or partially suppressed the the absence of IPTG, basal expression of P spac-hy -sda moderately inhibited sporulation (Table 2 ). dnaA1 sporulation defect (Table 1) . We named these mutations sda for suppressors of dnaA1.
The ability of sda to inhibit sporulation was completely eliminated by a mutation in the predicted open reading Four of the sda mutations, sda1, sda3, sda4, and sda5, mapped to a single locus (Experimental Procedures).
frame that replaced the third codon from the AUG start with an ochre stop codon ( Table 2 ). The ability of We cloned and sequenced the mutations and found that, according to the annotations for the genome sesda-(K3ochre) to inhibit sporulation was restored in a strain carrying the sup-3 lysine-tRNA suppressor allele quence of B. subtilis (Kunst et al., 1997), the mutations were in the region between two genes of unknown func-( a Strains BB612-617 carry the metB5 allele, which is suppressed by sup-3. The sup ϩ metB5 strains BB613 and BB617 sporulate somewhat less efficiently than their isogenic sup-3 metB5 (Met ϩ ) counterparts BB612 and BB614 despite the presence of L-methionine in the medium. b The P spac-hy promoter provides 10-to 20-fold higher basal and IPTG-induced expression levels than the P spac promoter, from which it was derived, and is somewhat leaky in the absence of IPTG (J. Quisel and A. D. G., submitted). c Cells were grown in DS medium at 30ЊC in the presence or absence of 1 mM IPTG. Viable cells/ml ranged from 3.3 ϫ 10 8 (BB613) to 1.8 ϫ 10 9 (BB537 ϩ IPTG).
sda Is Overexpressed in dnaB19 Mutants at nonpermissive temperature, it did not restore the ability of the mutants to sporulate. The dnaB19 and the The temperature-sensitive mutation dnaB19 inhibits replication initiation and sporulation when cells are dnaB19 ⌬sda strains produced approximately 60-200-fold fewer spores than wild-type (Table 3, The defect of dnaB19 mutants at the subsequent step of spore development is apparently often lethal. The expressed in the dnaB19 strain compared to the wild-type control ( Figure 2B ). This pattern of sda-lacZ expression dnaB19 ⌬sda strain had 5-15-fold fewer viable cells compared to the dnaB19 and dnaB ϩ strains 20 hr after is similar to that seen in the dnaA1 mutant (Figure 2A ) as well as a dnaD23 mutant (data not shown). sda-lacZ the initiation of sporulation (Table 3) , despite having roughly equal numbers of viable cells (58%-73%) at the was also overexpressed in the dnaB19 strain at permissive temperature, but the expression levels were lower time spore development would usually begin (Table 3) . Thus, production of Sda in dnaB19 mutants appears than at nonpermissive temperature ( Figure 2B) . to prevent cells from beginning spore morphogenesis under conditions in which they often cannot form mature The Replication Initiation Gene dnaB Controls spores successfully and may perish trying.
Sporulation through sda
The inability of the dnaB mutants to sporulate in the Inhibition of Spo0A activation in the dnaB mutant was absence of sda stands in marked contrast to the dnaA due to overexpression of sda. We monitored Spo0A mutants, which can sporulate once the sda-dependent activation using a lacZ transcriptional fusion to a gene block to sporulation is removed. The sporulation defect (spoIIE) whose expression requires activated Spo0A of the dnaB mutants occurs at nonpermissive tempera-(Guzman et al., 1988; York et al., 1992). In wild-type ture, when replication initiation is inhibited. The inhibicells, spoIIE-lacZ expression is induced shortly after the tion of replication initiation may be directly responsible initiation of sporulation ( Figure 2C ). spoIIE-lacZ expresfor the subsequent failure of dnaB sda double mutants sion is strongly inhibited in dnaB mutants, consistent to sporulate. Activation of the sda pathway in the dnaB with a block in Spo0A activation (Ireton and Grossman, mutants probably occurs as a result of the replication 1994). Deletion of sda restored spoIIE-lacZ expression, initiation defect and serves to protect cells from it. On indicating that overexpressed Sda inhibits Spo0A actithe other hand, the sporulation defect of the dnaA muvation in the dnaB mutant. Expression of spoIIE-lacZ in tants occurs at permissive growth temperature, when the dnaB19 ⌬sda strain is actually higher than in the replication initiation is functioning at least adequately wild-type strain, perhaps due to a failure to progress to enough to sustain wild-type growth rates. Activation of the next stage of spore development, in which expresthe sda pathway in the dnaA mutants at permissive sion of spoIIE decreases.
growth temperature probably reflects a defect in the Similar results were obtained when spoIIE-lacZ exDnaA-dependent regulation of sda expression, and perpression was monitored in dnaD23 sda ϩ and dnaD23 haps a modest alteration in replication initiation. ⌬sda mutants (data not shown), indicating that overexpressed Sda inhibits Spo0A activation in dnaD mutants, as in dnaB mutants. (Lemon et al., 2000) . Similarly, we found that the inhibition of sporulation caused by overexpressing Sda was suppressed by spo0A rvtA11 and that this suppression was largely dependent on the presence of kinC (Table 4) . These results indicate that Sda directly or indirectly inhibits the pathway required for phosphorylation of Spo0A.
Sda Inhibits the Histidine Kinase KinA
We found that Sda acts directly on one of the components of the phosphorylation pathway activating Spo0A. Figure 3B) . 1995). We speculate that the DnaA-Sda pathway might be responsible for this regulation. ing sda expression is that DnaA-ATP is a repressor of sda transcription and that the dnaA1, dnaB, and dnaD The regulation of sda by DnaA establishes a checkpoint that prevents cells from inappropriately attempting to mutations relieve, or partly relieve, repression. In this view, the sda1 and sda4 mutations could reduce expressporulate when replication initiation is impaired. We propose that defects in DnaB and DnaD, and possibly other sion of sda either by disrupting the promoter or a site for an activator. However, these mutations are 123 to conditions affecting replication initiation, alter the balance of active DnaA in the cell and thus regulate sda 142 bp upstream from the 5Ј end of the sda mRNA. If the 5Ј end of the mRNA is a processed end and not the expression through DnaA. Sporulation in wild-type cells is regulated by cell cycle or replication cycle progrestranscription start site, then these two sda mutations 
Sda Is Conserved in Other Bacillus

Inhibitors of Histidine Protein Kinases
Perspective The DnaA-Sda signaling pathway is remarkable for the Sda inhibits accumulation of the autophosphorylated form of the histidine protein kinase KinA, and probably economy with which coordination is established between replication initiation and the onset of spore develalso inhibits the activity of KinB. A third, closely related histidine kinase, KinC (48% identity between KinA and opment. Such coordination seems to ensure that cells only try to initiate sporulation under conditions in which KinC; 34% identity between KinB and KinC), also activates Spo0A via the Spo0F-Spo0B phosphorelay, but they are likely to be able to complete spore morphogenesis successfully. The continuing identification of other Sda has relatively little effect on KinC. Determining the structural basis for this specificity may help to elucidate signaling pathways in bacteria that coordinate cell cycle-dependent events with growth and development will how specificity is achieved in histidine kinase signaling pathways.
be important for understanding how organisms maximize their survival in changing environments. Another inhibitor of KinA, KipI, has been described 
Experimental Procedures
were cloned downstream from the promoters P spac (in pDR67) or P spac-hy (in pPL82), and integrated by double crossover into amyE. pBB149 (P spac -sda) contains the region from 89 bp upstream to 236 Media Cells were grown in Difco nutrient broth sporulation (DS) medium, bp downstream of the A of the ATG start codon cloned into pDR67 (Ireton et al., 1993) . pBB166 (P spac-hy -sda ϩ ) and pBB167 {P spac-hy -2ϫ SG medium (twice the nutrient broth of DS medium plus 0.1% glucose), S7-defined minimal medium (using 50 mM MOPS buffer sda(K3ochre)} contain the region Ϫ82 to ϩ150, relative to the A of the ATG start codon, cloned into pPL82 (J. Quisel and A. D. G., instead of 100 mM), or Luria-Bertani (LB) medium (Miller, 1972;  Harwood and Cutting, 1990), as indicated, supplemented with apsubmitted). The sda(K3ochre) mutation (AAA to TAA) was made using the Quikchange site-directed mutagenesis kit (Stratagene) propriate antibiotics, as needed. Defined minimal medium was supplemented with 1% glucose, 0.1% glutamate, and required amino and verified by DNA sequencing. The ⌬sda mutation replaces the entire sda coding region (Ϫ40 to acids (40 g/ml). Sporulation was induced in defined minimal medium by the addition of mycophenolic acid (30 g/ml). ϩ142 relative to the A of the AUG start codon) with an NcoI restriction site. The mutation was created by PCR amplifying a 2963 bp fragment upstream of sda, including the entire aroD gene, and a 1286 bp Strains and Plasmids fragment downstream of sda, using oligonucleotides that introduced The B. subtilis strains used are listed in Table 5 . All the sda strains NcoI sites at the sda-proximal ends of both fragments and heterolowere made by crossing the originally isolated mutations into ungous restriction sites at the sda-distal ends. The fragments were mutagenized strain backgrounds. Standard techniques were used cloned into a plasmid by three-way ligation and the mutation was for strain constructions (Harwood and Cutting, 1990 Figure 1B) and lacZ fusions was amplified by PCR from genomic DNA, cloned into the amyE integration vector pDG268 EMS Mutagenesis Strain KPL2 (dnaA1) was grown in DS medium at 37ЊC. Cells in mid-(Antoniewski et al., 1990), and recombined into the chromosome at amyE by double crossover. Fragments in the sda-lacZ fusion exponential growth were resuspended in defined minimal medium and 0.6% methanesulfonic acid ethyl ester (EMS) was added. Cells plasmids pBB159, pBB160, and pBB161 extend from Ϫ322 to ϩ56 relative to the A of the AUG start codon of sda and were amplified were aliquoted into eight tubes, incubated with aeration for 30 min at 37ЊC, washed 3ϫ with DS medium (cell survival was approximately by PCR from genomic DNA from wild-type, sda1, and sda4 strains, respectively. 14%), and diluted into DS medium. After growth overnight, cells were plated on DS medium plates ‫0062ف(‬ colonies/plate, 5 plates/ For overexpression in B. subtilis, DNA fragments containing sda JH642 dnaA ϩ -Tn917⍀HU163 (erm) amyE::(P spac-hy cat) kinA::spc pool; ‫000,001ف‬ colonies screened altogether) and screened for To determine the integration site of the Cm R marker, genomic DNA from an integrated strain was digested with HinDIII, and clones Spo ϩ colonies after two days of incubation at 37ЊC. of the recircularized plasmid were recovered in E. coli for sequencing. One arm of the original plasmid insert began in the yqeK gene Mapping the sda Mutations A chloramphenicol resistance marker linked to the sda3 mutation and continued upstream. To further map the sda mutations, regions of the chromosome upstream of yqeK were amplified by PCR from was obtained as follows. Genomic DNA from a dnaA1 sda3 strain (BB294) was partially digested with Sau3AI and cloned into the an sda ϩ strain and cloned into pGEMcat. The cloned fragments were integrated by single crossover into dnaA1 sda strains to test integration vector pGEMcat (Harwood and Cutting, 1990). The resulting genomic DNA library was integrated by single crossover into for reversion of the Sda Ϫ (Spo ϩ ) phenotype. From this, sda1, sda2, sda3, and sda5 were localized to the yqeF-yqeG intergenic region a dnaA1 strain, selecting for chloramphenicol resistance (Cm R ) and screening for sporulation-proficient (Spo ϩ ) transformants. Cm R and plasmids carrying the mutations were sequenced, together with a clone of the wild-type region. Spo ϩ transformants were backcrossed to determine the linkage between the Cm R and Spo ϩ phenotypes. One strain (BB351) was isolated in which a dnaA1 suppressor mutation was ‫%08ف‬ linked by transformation to the Cm R marker. To confirm linkage of the Sporulation and ␤-Galactosidase Assays Sporulation frequencies were determined as the ratio of heat resisCm R marker to the sda mutations, genomic DNA from BB351 was backcrossed into a dnaA1 strain to obtain a Cm R Spo Ϫ (Sda ϩ ) transtant (80ЊC for 20 min) colony forming units to total colony forming units. Assays were done ‫02ف‬ hr after the end of exponential growth formant (BB374). BB374 genomic DNA was then used to transform the appropriate dnaA1 sda strains, selecting for Cm R and determinunless otherwise noted. ␤-galactosidase specific activity ({⌬A 420 per min per ml of culture per OD 600 } ϫ 1000) was determined as described ing the frequency of Sda ϩ (Spo Ϫ ) transformants. sda1, sda3, sda4, and sda5 were ‫%08-%06ف‬ linked to the Cm R marker.
(Miller, 1972) after pelleting cell debris.
